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ABSTRACT. Present global compilations of ages and isotopic data suggest insignifi-
cant crustal growth after 450 Ma. Previous Nd isotopic studies of whole rocks from the
Central Asian Orogenic Belt suggest large volumes of juvenile crustal additions in the
Phanerozoic. To test this, we studied detrital zircons from the Xinglonggou Formation
of western Liaoning at the northern margin of the North China craton, which was
deposited after the collision between the Siberian Plate and the North China craton to
form this part of the Central Asian Orogenic Belt. Zircons from the Xinglonggou
sandstones are characterized by two major groups of U-Pb ages (2.6-2.4 Ga and
260-220 Ma) except for three grains (1.9-1.6 Ga). The 2.6 to 2.4 Ga zircons have
positive �Hf (t) values up to coeval depleted mantle value, which suggest juvenile
crustal addition. The results are consistent with existing data for the North China
craton (NCC). �Hf (t) values of 260 to 220 Ma zircons range widely from �15.4 to 13.3.
While zircons with the negative �Hf (t) values are similar to igneous zircons from
intrusive rocks of the North China craton and indicate recycling of ancient continental
crustal materials, those with the positive values and young model ages point to a
significant period of crustal generation with the source provenance from the eastern
Central Asian Orogenic Belt (CAOB) to the north. Mixing of detritus from both the
North China craton and the eastern Central Asian Orogenic Belt suggests the ca. 250
Ma closure of the Paleo-Asian ocean and collision between the North China craton and
the Siberian Plate along the eastern Solonker zone. The youngest zircons constrain
uplift of the eastern Central Asian Orogenic Belt to be no older than 208 Ma. Thus, the
260 to 220 Ma crustal growth is related to the subduction of the Paleo-Asian ocean
Plate along the Solonker suture, which records the termination of the Central Asian
Orogenic Belt. The Solonker suture occupies an area of 700 km long and 60 km wide
and extends from Solonker via Sonid Yuoqi to Linxi in Inner Mongolia and further
west and northeast. This implies extensive juvenile crustal additions during this period.
It may change our present views of Phanerozoic crustal growth.

Key words: Detrital zircon, U-Pb age, Hf isotope, North China craton, Crustal
growth.

introduction

Clastic sediments and sedimentary rocks are ideal samples for studying formation,
evolution, and chemical composition of the continental crust (for example, Gold-
schmidt, 1933; Taylor and others, 1983; Taylor and McLennan, 1985; McLennan, 2001;
Rudnick and Gao, 2003; Kemp and others, 2006; Hu and Gao, 2008; Hawkesworth and
others, 2010). Detrital zircon is providing the most valuable information for this
purpose, because its robust chemical and physical properties allows it to survive later
disturbances and different growth zones within zircon crystals can be dated by U-Pb
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isotopes, while their trace elements and Lu-Hf and O isotopic compositions provide an
exceptional record of magmatic, and thus continental crustal evolution (Griffin and
others, 2004; Condie and others, 2005, 2009; Iizuka and others, 2005; Veevers and
others, 2005; Hawkesworth and Kemp, 2006a, 2006b; Coogan and Hinton, 2006; Kemp
and others, 2006; Weislogel and others, 2006; Campbell and Allen, 2008; Yang and
others, 2009; Hawkesworth and others, 2010). The zircon thermometer adds addi-
tional important information on the formation and evolution of the continental crust
(Watson and Harrison, 2005; Watson and others, 2006; Ferry and Watson, 2007).

It has been estimated that �50 percent volume of the present continental crust
formed by 2.5 Ga and �90 percent by 540 Ma (Taylor and McLennan, 1995; Hawkesworth
and Kemp, 2006a). Worldwide compilations of zircon ages from juvenile crust indicate
striking age peaks around 2.7 Ga, 1.9 Ga and 1.2 Ga, which suggest episodic rapid
continental growth during thermal pulses associated with emplacement of mantle plumes
(Condie, 1998, 2000). Post 1.2 Ga zircons show no such significant age peaks. Recent
compilations of zircon ages of worldwide granitoids reveal seven igneous age peaks (3300,
2700, 2680, 2500, 2100, 1900 and 1100 Ma) (Condie and others, 2009). Nd isotope
distributions of granitoids suggest important additions of juvenile continental crust at
2700, 2500, 2120, 1900, 1700, 1650, 800, 570 and 450 Ma (Condie and others, 2009). These
compilations do not suggest significant crustal growth after 450 Ma.

There are cases of classic orogenic belts (Caledonides, Hercynides, Canadian
Cordillera, Lachlan and New England Foldbelts, Central Asian Orogenic belts) where
Phanerozoic crustal growth is considered to be significant based on positive εNd (t) of
granitoids (Jahn and others, 2000a, 2000b; Wu and others, 2000). However, in-situ
determinations of U-Pb ages, Hf and oxygen isotopes of detrital zircons from the
Lachlan Fold Belt of southeastern Australia reveal two prominent linear arrays that
intersect the depleted mantle growth curve near 1.9 and 3.3 Ga ago (Kemp and others,
2006). The data indicate that crustal generation in part of Gondwana was limited to
major pulses at 1.9 and 3.3 Ga, and the Phanerozoic zircons crystallized during
repeated reworking of crust formed at these times. These results highlight the
importance of in-situ zircon isotopic studies compared to whole-rock analysis, which
may be compromised by mixing processes.

The Central Asian Orogenic Belt (CAOB) occupies a vast area that extends �5000
km from west to east and 1000 to 2000 km wide situated between the Siberian craton
and North China. Previous Nd isotopic studies of whole rocks from the Central Asian
Orogenic Belt suggest significant juvenile crustal additions in the Phanerozoic (500-
120 Ma) (for example, Zonenshain and others, 1990; Sengör and others, 1993; Sengör
and Natal’in, 1996; Jahn and others, 2000a, 2000b; 2004; Windley and others, 2007).
The crustal growth was thought to be related to subduction-accretion with punctuated
collision events between accreted blocks (Mossakovsky and others, 1994; Wu and
others, 2000; Buchan and others, 2001; Hong and others, 2004; Helo and others, 2006;
Jian and others, 2008). To test the large volume of Phanerozoic crustal growth in the
Central Asian Orogenic Belt, we analyzed U-Pb ages and Hf isotopic compositions of
detrital zircons from the Xinglonggou Formation in western Liaoning, which is located
in the northern part of the North China craton (NCC). The North China craton
collided with the Siberian Plate along the Central Asian Orogenic Belt. The Xinglong-
gou sandstones were deposited after the collision and thus provide clues to the sources
of the Central Asian Orogenic Belt and the North China craton.

geological settings and samples

The Central Asian Orogenic Belt extends from the Urals Mts. via Kazakhstan,
Kyrgyzstan, northwestern China, Mongolia and southern Siberia to the Okhotsk Sea in
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the Russian Far East (Zonenshain and others, 1990; Sengör and others, 1993; Mossa-
kovsky and others, 1994; Yakubchuk and others, 2001; Yakubchuk, 2002). It is sand-
wiched between the Siberian craton in the north and the North China and Tarim
cratons in the south (fig. 1A). It is composed of a variety of tectonic units, including
Precambrian micro-continental blocks, ancient island arcs, ocean islands, accretionary
complexes, ophiolites and passive continental margins. The amalgamation of these
terranes occurred at various times in the Paleozoic and Mesozoic and was accompanied
by episodes of magmatism, ranging in age from Ordovician (ca. 450 Ma) to Triassic-
Cretaceous (ca. 220-120 Ma) that resulted in the emplacement of large volumes of
granitoid intrusions (Jahn, 2004) and mafic volcanic rocks (Zhu and others, 2005),
accompanied by lesser volumes of mafic-ultramafic rocks (Pirajno and others, 2008).
Its growth began at ca. 1.0 Ga (Khain and others, 2002) and continued to ca. 250 Ma,
when the Paleo-Asian ocean closed (Xiao and others, 2003).

The Solonker zone (fig. 1B) has been widely regarded as the site of final closure of
the Paleo-Asian ocean (Tang, 1990; Sengör and others, 1993; Xiao and others, 2003;
Wu and others, 2007; Chen and others, 2009). However, there is still much controversy
concerning the timing of suturing. Some workers proposed that suturing took place
during the Permian to early Triassic (300-230 Ma) (Sengör and others, 1993; Chen and
others, 2000, 2009; Xiao and others, 2003; Wu and others, 2007; Jian and others, 2010);
some preferred suturing during either the middle Devonian (Tang, 1990) or late
Devonian to early Carboniferous (400-320 Ma) (Shao, 1991; Hong and others, 1995;
Xu and Chen, 1997); others advocated a middle Mesozoic (130-110 Ma) suturing
based on a controversial amphibolite 40Ar/39Ar age (Nozaka and Liu, 2002). The
southern accretionary zone between the North China craton and the Solonker suture
is characterized by the Mid-Ordovician-Early Silurian (ca. 488-438 Ma) (Jian and
others, 2008) Ulan island arc-Ondor Sum subduction-accretion complex and the
Bainaimiao arc (fig. 1B). This zone was consolidated by the Carboniferous-Permian
when it evolved into an Andean-type magmatic margin above a south dipping subduc-
tion zone. The northern accretionary zone north of the Solonker suture extends
southward from a Devonian to Carboniferous active continental margin, through the
Hegenshan ophiolite arc accretionary complex to the Late Carboniferous (�310 Ma)
(Chen and others, 2009) Baolidao arc associated with some accreted Precambrian
blocks. This northern zone had consolidated by the Permian when it developed into an
Andean-type magmatic margin above a north dipping subduction zone. Final subduc-
tion of the Paleo-Asian ocean caused the two opposing active continental margins to
collide, leading to formation of the Solonker suture in the end-Permian (ca. 250 Ma)
(Xiao and others, 2003).

The Central Asian Orogenic Belt is celebrated for its massive juvenile crustal
production in the Phanerozoic (for example, Jahn and others, 2000a, 2000b). This is
evidenced by the emplacement of voluminous granitoids of 500 to 120 Ma in age with
low initial Sr isotopic ratios, generally positive εNd (t) values and young Nd model ages
(Shao and others, 1999; Chen and others, 2000; Jahn and others, 2000a, 2000b; Wu
and others, 2000, 2002, 2003b, 2007). It should be noted that all these studies are based
on whole-rock data, which may be compromised by mixing processes. For example, the
whole rock Nd model ages range from 1028 to 645 Ma with an average of 764 Ma (Wu
and others, 2003b), which are remarkably older than the age of magma and imply
mixing with older crust if the Phanerozoic magma represented juvenile additions from
the mantle. However, this is unclear. Two gigantic magmatic belts can be recognized in
the Central Asian Orogenic Belt: a northern belt from central-northern Mongolia to
Russian Transbaikalia and a southern belt from Kazakhstan through northern Xin-
jiang (NW China), southern Mongolia, to northeastern China (Chen and Arakawa,
2005).
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Previous studies of ophiolites and post-collision intrusive rocks suggest a west-east
younging trend of a scissor-like closure of the Mongol-Okhotsk ocean (Donskaya and
others, 2008). This is also true for the southern belt. In the western Central Asian
Orogenic Belt (including Altai, Tianshan, and Kazakhstan), the closure occurred in
the Late Carboniferous according to the ages of ophiolites and arc lavas (for example,
Xu and others, 2006; Kröner and others, 2008), while the post-collision intrusive rocks
mainly produced at 300 to 280 Ma, indicating a post-collisional environment in the
Permian (for example, Han and others, 1997; Chen and Jahn, 2004; Wang and others,
2005, 2009). For example, in northern Xinjiang, post-collision granites were emplaced
at about 340 to 265 Ma (Chen and Jahn, 2004; Chen and Arakawa, 2005; Wang and
others, 2005; Han and others, 2006; Liu and Pan, 2006; Tong and others, 2006;
Konopelko and others, 2007; Zhao and others, 2008; Zhou and others, 2008).
However, the final closure of the Paleo-Asian ocean in the eastern Central Asian
Orogenic Belt (including Inner Mongolia and northeastern China) occurred in the
Permian-Triassic (296-230 Ma), which produced the Solonker suture (Sengör and
others, 1993; Chen and others, 2009; Xiao and others, 2003). The ophiolites were
dated at 299 to 284 Ma (Jian and others, 2008, 2010). Post-orogenic granitic rocks
in Inner Mongolia were emplaced at ca. 280 Ma (Shi and others, 2004; Wang and
others, 2004). In northeastern China, the existing age data indicate Phanerozoic
granitic emplacement took place mainly from the Late Paleozoic to Late Mesozoic,
which focused on Late Permian (270-250 Ma), Late Triassic-Early Jurassic (230-180
Ma), Middle Jurassic (170-150 Ma) and Cretaceous (ca. 120 Ma) (Chen and others,
2000; Jahn and others, 2000a, 2000b, 2001, 2004; Fan and others, 2003; Shi and
others, 2004; Wu and others, 2000, 2002, 2003a, 2004, 2007; Ge and others, 2005;
Cheng and others, 2006). However, the ca. 120 Ma granites may be related to the
subduction of the Pacific Plate.

The mechanisms of continental crustal growth in the Central Asian Orogenic Belt
remain the subject of debate. Sengör and others (1993) suggested that the Central
Asian Orogenic Belt grew by 5.3 million square kilometers during the Palaeozoic, with
nearly half of this growth being derived from the mantle by subduction accretion
and arc collision. This model is supported by the presence of ophiolites with ages
ranging from Neoproterozoic to late Paleozoic (for example, Coleman, 1989; Gao
and Klemd, 2003; Xiao and others, 2003; Liu and Pan, 2006) and occurrences of
Paleozoic arc-type magmatic rocks (for example, Chen and others, 2000; Heinhorst
and others, 2000; Hu and others, 2000). Conversely, many researchers argue that
massive Phanerozoic Central Asian Orogenic Belt granitoids with positive εNd
values are A-type granites generated by extensive basalt underplating in a post-
orogenic or an intraplate extensional setting (for example, Zhao and others, 1996;
Han and others, 1997; Jahn and others, 2000a, 2000b; Liu, 2002; Wu and others,
2000, 2002; Liu and Pan, 2006). It is also proposed that Late Paleozoic (�330 Ma)
plume activity provided the heat required to generate the large amounts of granites
and associated volcanic rocks in the Central Asian Orogenic Belt (Xia and others,
2004; Zhou and others, 2004).

The Yixian-Beipiao Basin of western Liaoning is located along the northern
margin of the North China craton (fig. 1C). It is bounded by the eastern Central Asian
Orogenic Belt to the north. Four major periods of volcanism have been identified in
western Liaoning: the Jurassic Xinglonggou and Lanqi Formations, the Early Creta-
ceous Yixian Formation, and the late Early Cretaceous Zhanglaogongtun Formation
(Yang and Li, 2008). The Xinglonggou Formation in this area represents the first
sedimentation after the final collision of the eastern Central Asian Orogenic Belt with
the North China craton. This formation is exposed in the Chaoyang-Beipiao area
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(fig. 1C) and variably overlies the Proterozoic Changcheng Group, the Middle Triassic
strata or the Upper Triassic Laohugou Formation, and is overlain by the Beipiao
Formation (Liu, ms, 2004). The Xinglonggou Formation consists of sandstones at the
base and high-Mg adakite, andesite and dacite in the upper unit (Gao and others,
2004; Yan and others, 2006). Two sandstone samples XL130 and XL131 were taken
from the base of the Xinglonggou Formation (fig. 2). They consist of 70 percent
plagioclase, 15 percent quartz and 15 percent amphibole. Majority of the amphibole
show the characteristics of alteration. The existence of amphibole and the high
content plagioclase imply that they were derived from a near-by source. Zircons are
typically prismatic or rounded to subhedral and lack of crack (fig. 3), which also
suggests first cycle materials with short-distance of transportation.

analytical methods

Samples of �10 kg were crushed and powdered. Zircons were separated by
heavy-liquid and magnetic methods and then purified by hand picking under a
binocular microscope. �2000 zircon grains were separated, from which �200 were
selected and mounted on a double-sided tape, cast in epoxy resin, and polished to
expose surfaces suitable for laser ablation inductively coupled plasma mass spectrom-
eter (LA-ICP-MS) analysis. The surface of the grain mounts was acid-washed in dilute
HNO3 and pure ethanol to suppress lead contamination. As we are concerned with
crustal growth related to magmatism, igneous zircons showing cathodoluminescence
(CL) images of oscillatory zoning (fig. 3) were selected for age dating and Hf isotopic
analysis. Metamorphic zircons, if any, were not considered. In addition, igneous zircon
domains selected are free of cracks and inclusions, as guided by transmitted and
reflected light images. Otherwise, zircons for analysis were selected randomly.

CL Imaging
Cathodoluminescence images of zircons were carried out using Quanta 400FEG

high resolution emission field environmental scanning electron microscope con-
nected with an Oxford INCA350 energy dispersive system and a Gatan Mono CL3� CL
system at the State Key Laboratory of Continental Dynamics, Northwest University.
The imaging conditions were 10 kv with a spot size of 6.7 nm and a working distance of
8.4 mm. The CL images were used to demonstrate the internal textures of zircons and
to select optimum spot locations for U-Pb dating.

U-Pb Dating
Zircons were dated on an excimer (193 nm wave length) laser ablation inductively

coupled plasma mass spectrometer (LA-ICP-MS) at the State Key Laboratory of
Continental Dynamics, Northwest University. The ICP-MS used is Agilent 7500a. The
GeoLas 200M laser-ablation system (MicroLas, Göttingen, Germany) was used for the
laser ablation experiments. Helium was used as carrier gas. The used spot size and laser
frequency were 30 �m and 10 Hz, respectively. The data acquisition mode was peak
jumping (20 ms per isotope each cycle). Raw count rates were measured for 29Si, 204Pb,
206Pb, 207Pb, 208Pb, 232Th and 238U. U, Th and Pb concentrations were calibrated by
using 29Si as an internal standard and NIST SRM 610 as the reference standard. Each
analysis consists of 30s gas blank and 40s signal acquisition. High-purity argon was used
in combination with a home-made helium filtration column composed of a 10 L 13�
molecular sieve. This column has filtering performance similar to charcoal filters
(Hirata and Nesbitt, 1995; Hirata and others, 2005) and gold traps (Storey and others,
2006). The gas purification reduces the gas backgrounds of 202Hg from �800 counts
per second (cps) to �200 cps and those of 208Pb from �400 cps to �100 cps. These
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backgrounds were measured by ion counters (MC-ICPMS); they correspond to
0.05 and 0.1 parts per trillion (ppt) for 202Hg and 208Pb, respectively (Yuan and others,
2008). 207Pb/206Pb, 206Pb/238U, 207Pb/235U and 208Pb/232Th ratios, calculated using

Fig. 2. Mesozoic stratigraphic column of western Liaoning (modified after Chen and others, 1997). Our
samples are from the bottom of the Xinglonggou Formation at the south of Beipiao as represented by the star.
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GLITTER 4.0 (Macquarie University), were corrected for both instrumental mass bias
and depth-dependent elemental and isotopic fractionation using Harvard zircon
91500 as external standard. In data reduction, signals were selected to include the part
as smooth and wide as possible with similar 206Pb/238U and 207Pb/235U ratios
and signal spikes were eliminated. The ages were calculated using ISOPLOT 3
(Ludwig, 2003). Our measurements of GJ-1 (table 1) as an unknown yielded
weighted 206Pb/238U ages of 603.2�1.0 Ma (2�, MSWD	0.03, n	18) (fig. 4), which is
in good agreement with the apparent ID-TIMS 206Pb/238U ages of 598.5 to 602.7 Ma
(Jackson and others, 2004). Analytical details for age and trace and rare earth element
determinations of zircons are reported in Yuan and others (2004). Common Pb
corrections were made following the method of Andersen (2002). Because measured
204Pb usually accounts for �0.3 percent of the total Pb, the correction is insignificant in
most cases.

As shown by Vermeesch (2004), for provenance studies, a minimum of 117
detrital zircon grains have to be dated for a single sample in order to yield statistically
significant results. A total of 121 zircons were dated for XL130 and 125 zircons for
XL131.

Fig. 3. Cathodoluminescence (CL) images of representative detrital zircons from the Xinglonggou
Formation. For XL130, small and large circles indicate locations for U-Pb dating by LA-ICP-MS and in-situ Hf
isotope analysis, respectively. Circles for XL131 indicate locations for simultaneous U-Pb and Hf isotope
analysis. Numbers denote 207Pb/206Pb ages for zircons �1.0 Ga and 206Pb/238U ages for zircons �1.0Ga.
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Lu-Hf Isotope Analysis
Hf isotope analysis was done on a Nu Plasma HR MC-ICP-MS (Nu Instruments

Ltd., UK), coupled to a GeoLas 2005 excimer ArF laser-ablation system hosted in the
State Key Laboratory of Continental Dynamics, Northwest University. The energy
density applied was 15–20 J/cm2 and a spot size of 44 �m was used. Raw count rates for
isotopes 171–177, 179, 180 and 182 were measured during a single data acquisition.
Helium was also used as carrier gas. The sensitivity in laser ablation mode is 7–8 V per
1 percent of hafnium at 44 �m.

Isobaric interference corrections for 176Lu and 176Yb on 176Hf must be deter-
mined precisely. The interference of 176Lu on 176Hf was corrected by measuring the
intensity of 175Lu and using the 176Lu/175Lu ratio of 0.02669 (De Bievre and Taylor,
1993) to correct the measured 176Hf/177Hf ratios. Similarly, the interference of 176Yb
on 176Hf was corrected by measuring the interference-free 172Yb isotope and using the
recommended 176Yb/172Yb ratio of 0.5886 (Chu and others, 2002) to calculate
176Hf/177Hf ratios. In doing so, a mean 173Yb/171Yb ratio for the analyzed spot itself
was automatically used in the same run to calculate a mean 
Yb value (Iizuka and
Hirata, 2005), and then the 176Yb signal intensity was calculated from the 173Yb signal
intensity and the mean 
Yb value.

The Hf isotopes were measured in two modes. For XL130, the analysis was done
on the same spots or the same age domains for age determinations, as guided by CL
images. For XL131, we used our developed technique of simultaneous determinations
of U-Pb ages, Hf isotopes and trace element compositions of zircon by combining
excimer laser ablation quadrupole and multiple collector ICP-MS (Yuan and others,
2008). This allows simultaneous collections of data on U-Pb age, Hf isotope and trace
element composition of the same aerosol from the same spot of zircon. The similar Hf
isotopic compositions obtained by the two modes of Hf analysis indicate that both
modes of Hf analysis work and age zoning is not a problem for our zircons, which
mostly do not show age zoning (fig. 3). Our measured values of three well-
characterized zircon standards (91500, GJ-1 and MON-1) agree with the recom-

Fig. 4. Weighed mean age for zircon standard GJ-1.
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Table 2

Lu-Hf isotopic compositions of zircon standards

Sample 176Hf/177Hf 2σ 176Yb/177Hf 2σ 176Lu/177Hf 2σ 

91500 0.282241 0.000048 0.009304 0.000032 0.000302 0.000001 
91500 0.282274 0.000042 0.008901 0.000038 0.000297 0.000001 
91500 0.282185 0.000042 0.009360 0.000120 0.000301 0.000001 
91500 0.282368 0.000050 0.009117 0.000034 0.000302 0.000001 
91500 0.282267 0.000056 0.009106 0.000102 0.000301 0.000001 
91500 0.282360 0.000050 0.009146 0.000070 0.000308 0.000001 
91500 0.282279 0.000048 0.009231 0.000046 0.000308 0.000001 
91500 0.282371 0.000034 0.008847 0.000042 0.000298 0.000001 
91500 0.282353 0.000058 0.008953 0.000080 0.000303 0.000001 
91500 0.282454 0.000046 0.009348 0.000052 0.000305 0.000001 
91500 0.282265 0.000038 0.009277 0.000050 0.000305 0.000001 
91500 0.282276 0.000050 0.008987 0.000038 0.000299 0.000001 
91500 0.282337 0.000052 0.009142 0.000118 0.000297 0.000001 
91500 0.282241 0.000058 0.009234 0.000044 0.000304 0.000001 
91500 0.282269 0.000054 0.009297 0.000042 0.000302 0.000001 
91500 0.282281 0.000044 0.009502 0.000070 0.000304 0.000001 
91500 0.282204 0.000048 0.009598 0.000038 0.000303 0.000001 
91500 0.282186 0.000044 0.009441 0.000112 0.000306 0.000001 
91500 0.282250 0.000048 0.009044 0.000034 0.000301 0.000001 
91500 0.282469 0.000050 0.008983 0.000044 0.000301 0.000001 
91500 0.282340 0.000054 0.009154 0.000048 0.000302 0.000001 
91500 0.282413 0.000048 0.009177 0.000024 0.000299 0.000001 
91500 0.282202 0.000044 0.009369 0.000076 0.000304 0.000001 
91500 0.282287 0.000042 0.009183 0.000026 0.000300 0.000001 
91500 0.282121 0.000042 0.009493 0.000120 0.000309 0.000005 
91500 0.282178 0.000040 0.009151 0.000032 0.000303 0.000001 
91500 0.282313 0.000036 0.006809 0.000034 0.000279 0.000000 
91500 0.282300 0.000032 0.006827 0.000044 0.000278 0.000001 
91500 0.282319 0.000034 0.006795 0.000050 0.000277 0.000000 
91500 0.282325 0.000034 0.006946 0.000076 0.000276 0.000001 
91500 Ave (n=30) 0.282291 0.000046 0.008891 0.000058 0.000299 0.000001 
GJ-1 0.281996 0.000046 0.007901 0.000066 0.000263 0.000001 
GJ-1 0.282044 0.000052 0.007899 0.000036 0.000263 0.000001 
GJ-1 0.281980 0.000046 0.008217 0.000042 0.000269 0.000001 
GJ-1 0.281991 0.000042 0.008756 0.000100 0.000285 0.000001 
GJ-1 0.282037 0.000042 0.008384 0.000052 0.000273 0.000001 
GJ-1 0.282065 0.000052 0.008089 0.000072 0.000263 0.000001 
GJ-1 0.281978 0.000054 0.007727 0.000080 0.000252 0.000001 
GJ-1 0.282084 0.000046 0.007769 0.000042 0.000252 0.000001 
GJ-1 0.282016 0.000046 0.008163 0.000062 0.000262 0.000001 
GJ-1 0.282049 0.000048 0.008140 0.000074 0.000260 0.000001 
GJ-1 0.281998 0.000040 0.005865 0.000044 0.000244 0.000000 
GJ-1 0.281976 0.000032 0.005851 0.000042 0.000244 0.000000 
GJ-1 0.282085 0.000024 0.005792 0.000038 0.000243 0.000000 
GJ-1 0.282061 0.000030 0.005884 0.000034 0.000246 0.000000 
GJ-1  Ave (n=14) 0.282026 0.000043 0.007460 0.000056 0.000258 0.000001 
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mended values to within 2� (table 2). Detailed description of the technique and
analyses of the six standard zircons (91500, Temora-2, GJ-1, Mud Tank, BR266 and
Monastery) were reported in Yuan and others (2008).

The initial 176Hf/177Hf ratios were calculated with reference to the chondritic
reservoir (CHUR) at the time of zircon growth from magmas. The decay constant for
176Lu and the chondritic ratios of 176Hf/177Hf and 176Lu/177Hf used in calculations are
1.867�10�11 yr�1 (Scherer and others, 2001) and 0.282772 and 0.0332 (Bichert-Toft
and Albarède, 1997), respectively. The two-stage continental model age (TDM2) was
calculated by projecting the initial 176Hf/177Hf of zircon back to the depleted mantle
growth curve using 176Lu/177Hf 	 0.0093 for the upper continental crust (Vervoort
and Patchett, 1996).

results
A total of 246 detrital zircons were dated, of which 180 are concordant with

concordance within 90 to 110 percent. 149 concordant zircons were selected for Hf
isotope analysis. Tables 3 and 4 give U-Pb and Hf data for the concordant zircons,
respectively. Zircons are typically prismatic or rounded to subhedral. They are charac-
terized by oscillatory zoning (fig. 3) and have Th/U ratios of �0.5 (fig. 5). These
features indicate a magmatic origin and suggest first cycle materials with short-distance
of transportation, which is supported by the presence of amphibole in the sandstones.
The following discussion is confined to the concordant zircons. We use 207Pb/206Pb
ages for zircons of age �1.0 Ga and 206Pb/238U ages for zircons of age �1.0 Ga.

U-Pb Ages
The two samples show similar bimodal age groups. 121 zircon grains were

analyzed and 77 concordant ages were obtained on XL130. The concordant zircons
show two major age populations: 255 to 220 Ma and 2600 to 2400 Ma (figs. 6 and 7).
The obtained youngest age is 215�2 Ma (Spot XL130-068) and the oldest age is
2584�5 Ma (Spot XL130-100).

Table 2

(continued)

Sample 176Hf/177Hf 2σ 176Yb/177Hf 2σ 176Lu/177Hf 2σ 

MON-1 0.282732 0.000032 0.000431 0.000013 0.000012 0.000000 
MON-1 0.282815 0.000036 0.000486 0.000036 0.000013 0.000000 
MON-1 0.282766 0.000046 0.000606 0.000032 0.000017 0.000000 
MON-1 0.282781 0.000028 0.000501 0.000016 0.000013 0.000000 
MON-1 0.282675 0.000030 0.000628 0.000014 0.000015 0.000000 
MON-1 0.282712 0.000034 0.000583 0.000015 0.000015 0.000000 
MON-1 0.282774 0.000019 0.000494 0.000015 0.000013 0.000000 
MON-1 0.282690 0.000034 0.000437 0.000019 0.000011 0.000000 
MON-1 0.282722 0.000034 0.000503 0.000017 0.000013 0.000001 
MON-1 0.282747 0.000040 0.000587 0.000019 0.000013 0.000000 
MON-1 0.282746 0.000022 0.000407 0.000019 0.000013 0.000000 
MON-1 0.282728 0.000017 0.000434 0.000007 0.000014 0.000000 
MON-1 0.282722 0.000022 0.000409 0.000014 0.000013 0.000000 
MON-1 0.282714 0.000020 0.000410 0.000008 0.000013 0.000000 
MON-1 0.282725 0.000026 0.000443 0.000009 0.000014 0.000000 
MON-1 0.282709 0.000024 0.000431 0.000009 0.000013 0.000000 
MON-1 Ave (n=16) 0.282735 0.000029 0.000487 0.000016 0.000013 0.000000 

375of eastern Central Asian Orogenic Belt as revealed by detrital zircon studies



T
ab

le
3

U
-P

b
is

ot
op

ic
da

ta
of

de
tr

ita
l

zi
rc

on
s

fr
om

sa
nd

st
on

es
in

th
e

X
in

gl
on

gg
ou

Fo
rm

at
io

n,
w

es
te

rn
L

ia
on

in
g

Pb
 

T
h 

U
 

  
is

ot
op

ic
 r

at
io

s 
  

 
  

A
ge

 (
M

a)
 

  
  

  
Sa

m
pl

e 
(p

pm
) 

(p
pm

) 
(p

pm
) 

20
7 Pb

/20
6 Pb

 
 

 
 

1σ
 

20
7 Pb

/23
5 U

1σ
 

20
6 Pb

/23
8 U

1σ
 

20
7 Pb

/20
6 Pb

 
1σ

 
20

7 Pb
/23

5 U
 

1σ
20

6 Pb
/23

8 U
 

1σ
U

se
d 

ag
e 

C
on

%

X
L

13
0-

02
 

 
 

 
 

 
 

 
 

 
 

 
 

95
73

16
4

0.
16

20
8

0.
00

16
8 

10
.2

48
56

0.
06

76
8

0.
45

84
3

0.
00

28
2

24
77

5
24

57
6

24
33

12
24

77
10

1.
81

X
L

13
0-

04
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

21
14

6
38

0
0.

05
46

6  
0.

00
09

8 
0.

34
30

9
0.

00
57

2
0.

04
55

2
0.

00
02

9
39

9
41

30
0

4
28

7
2

28
7

10
4.

53
X

L
13

0-
05

11
71

22
6

0.
05

15
0.

00
08

9 
0.

30
13

8
0.

00
45

4
0.

04
24

3
0.

00
02

9
26

3
22

26
7

4
26

8
2

26
8

99
.6

3
X

L
13

0-
06

19
12

4
40

5
0.

05
33

5
0.

00
07

6 
0.

29
64

9
0.

00
34

1
0.

04
02

9
0.

00
02

6
34

4
15

26
4

3
25

5
2

25
5

10
3.

53
X

L
13

0-
07

7.
6

68
16

6
0.

05
29

4
0.

00
10

4 
0.

28
07

7
0.

00
49

4
0.

03
84

5
0.

00
02

7
32

6
27

25
1

4
24

3
2

24
3

10
3.

29
X

L
13

0-
08

47
38

91
0.

14
83

1
0.

00
16

1 
8.

29
47

6
0.

06
06

0.
40

55
4

0.
00

25
6

23
27

6
22

64
7

21
94

12
23

27
10

6.
06

X
L

13
0-

10
3.

0
56

40
0.

04
73

8
0.

00
15

7 
0.

34
02

9
0.

01
07

2
0.

05
20

8
0.

00
04

8
68

54
29

7
8

32
7

3
32

7
90

.8
3

X
L

13
0-

11
21

24
34

0.
15

33
8

0.
00

18
8 

9.
04

99
4

0.
08

41
0.

42
78

6
0.

00
29

9
23

84
7

23
43

8
22

96
13

23
84

10
3.

83
X

L
13

0-
15

8.
9

23
1

14
4

0.
05

31
6

0.
00

12
3 

0.
26

76
8

0.
00

56
7

0.
03

65
1

0.
00

02
8

33
6

34
24

1
5

23
1

2
23

1
10

4.
33

X
L

13
0-

18
13

17
4

24
8

0.
05

26
1

0.
00

08
9 

0.
28

54
3

0.
00

41
6

0.
03

93
4

0.
00

02
6

31
2

21
25

5
3

24
9

2
24

9
10

2.
41

X
L

13
0-

19
4.

5
43

85
0.

05
15

7
0.

00
13

1 
0.

28
34

2
0.

00
67

1
0.

03
98

6
0.

00
03

2
26

6
39

25
3

5
25

2
2

25
2

10
0.

40
X

L
13

0-
20

7.
9

13
2

13
5

0.
05

19
1

0.
00

10
7 

0.
28

89
9

0.
00

54
1

0.
04

03
8

0.
00

02
9

28
1

30
25

8
4

25
5

2
25

5
10

1.
18

X
L

13
0-

21
7.

7
11

0
13

7
0.

05
51

4
0.

00
12

8 
0.

30
39

1
0.

00
64

7
0.

03
99

7
0.

00
03

1
41

8
34

26
9

5
25

3
2

25
3

10
6.

32
X

L
13

0-
22

12
14

9
24

7
0.

05
48

8
0.

00
10

9 
0.

26
54

5
0.

00
47

2
0.

03
50

7
0.

00
02

5
40

7
27

23
9

4
22

2
2

22
2

10
7.

66
X

L
13

0-
23

12
19

6
23

6
0.

05
14

4
0.

00
09

7 
0.

24
59

7
0.

00
41

3
0.

03
46

8
0.

00
02

4
26

1
26

22
3

3
22

0
1

22
0

10
1.

36
X

L
13

0-
24

89
32

8 
18

49  
0.

05
23

2
0.

00
06

1 
0.

28
37

2
0.

00
28

1
0.

03
93

3
0.

00
02

4
29

9
27

25
4

2
24

9
1

24
9

10
2.

01
X

L
13

0-
25

6.
4

86
84

0.
05

39
8

0.
00

13
6 

0.
38

57
7  

0.
00

90
4

0.
05

18
3

0.
00

04
2

37
0

38
33

1
7

32
6

3
32

6
10

1.
53

X
L

13
0-

28
5.

7
70

10
3

0.
05

30
1

0.
00

11
8

0.
29

16
0.

00
59

5
0.

03
98

9  
0.

00
03

32
9

33
26

0
5

25
2

2
25

2
10

3.
17

X
L

13
0-

29
20

0
16

7
28

8
0.

16
21

9
0.

00
16

4 
10

.6
50

67
 

0.
06

56
5

0.
47

62
0.

00
28

4
24

79
5

24
93

6
25

11
12

24
79

98
.7

3
X

L
13

0-
33

8.
0

10
4

14
2

0.
05

35
1

0.
00

11
8

0.
29

14
8

0.
00

58
8

0.
03

95
0.

00
02

9
35

0
32

26
0

5
25

0
2

25
0

10
4.

00
X

L
13

0-
34

12
12

7
19

9
0.

05
68

2  
0.

00
17

7   
0.

30
83

4
0.

00
92

8
0.

03
93

6  
0.

00
03

1
48

4
70

27
3

7
24

9
2

24
9

10
9.

64
X

L
13

0-
35

28
44

1
54

5
0.

05
12

0.
00

07
0.

24
63

9
0.

00
26

9
0.

03
49

0.
00

02
2

25
0

14
22

4
2

22
1

1
22

1
10

1.
36

X
L

13
0-

36
14

19
3

29
4

0.
05

37
0.

00
09

0.
25

49
3

0.
00

36
7

0.
03

44
3

0.
00

02
3

35
8

20
23

1
3

21
8

1
21

8
10

5.
96

X
L

13
0-

38
12

12
1

22
6

0.
04

80
7

0.
00

09
1 

0.
24

91
4

0.
00

41
8

0.
03

75
8

0.
00

02
6

10
3

27
22

6
3

23
8

2
23

8
94

.9
6

X
L

13
0-

39
11

14
1

20
8

0.
05

42
3

0.
00

10
4 

0.
26

93
9

0.
00

46
2

0.
03

60
3

0.
00

02
5

38
1

26
24

2
4

22
8

2
22

8
10

6.
14

X
L

13
0-

40
13

3
14

0
19

8
0.

15
86

2
0.

00
16

3
9.

65
85

7
0.

06
30

7
0.

44
15

8
0.

00
26

7
24

41
5

24
03

6
23

58
12

24
41

10
3.

52
X

L
13

0-
41

69
62

95
0.

16
23

5
0.

00
17

2 
10

.6
75

76
 

0.
07

44
8

0.
47

68
5

0.
00

29
7

24
80

5
24

95
6

25
14

13
24

80
98

.6
5

X
L

13
0-

42
14

16
1

27
2

0.
05

56
6

0.
00

10
1

0.
28

95
6

0.
00

46
0.

03
77

3
0.

00
02

6
43

9
23

25
8

4
23

9
2

23
9

10
7.

95
X

L
13

0-
44

7.
1

72
12

8
0.

05
59

6
0.

00
17

6 
0.

30
19

9
0.

00
91

8
0.

03
91

4
0.

00
03

2
45

1
72

26
8

7
24

7
2

24
7

10
8.

50
X

L
13

0-
45

58
53

76
0.

16
92

9
0.

00
18

3 
11

.5
78

48
 

0.
08

50
4

0.
49

59
9

0.
00

31
6

25
51

6
25

71
7

25
97

14
25

51
98

.2
3

X
L

13
0-

47
11

14
0

20
5

0.
05

27
5  

0.
00

10
5

0.
26

74
7

0.
00

47
5

0.
03

67
7

0.
00

02
6

31
8

27
24

1
4

23
3

2
23

3
10

3.
43

X
L

13
0-

48
9.

4
10

5
16

6
0.

04
94

0.
00

11
4 

0.
26

88
8

0.
00

56
8

0.
03

94
7

0.
00

03
16

7
35

24
2

5
25

0
2

25
0

96
.8

0
X

L
13

0-
50

11
15

9
21

4
0.

05
54

1
0.

00
10

8 
0.

27
56

6
0.

00
48

0.
03

60
8

0.
00

02
6

42
9

26
24

7
4

22
8

2
22

8
10

8.
33

376 F. Meng, S. Gao, H. Yuan, and H. Gong—Permian-Triassic crustal growth
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377of eastern Central Asian Orogenic Belt as revealed by detrital zircon studies
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383of eastern Central Asian Orogenic Belt as revealed by detrital zircon studies
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125 zircon grains were analyzed and 103 concordant ages were obtained on
XL131. The concordant zircons show similar two major age populations: 260 to 220 Ma
and ca. 2400 Ma (figs. 6 and 7). Only two grains give the age of �1.8 Ga. Two grains
yield the identical youngest age 208 Ma (Spot XL130-032 and XL130-071) and the
oldest age is 2446�67 Ma (Spot XL130-098).

Hf Isotopes
149 representative concordant grains out of the dated 246 zircons were analyzed

for the Hf isotopes (table 4). As shown in figure 8, the εHf (t) values exhibit distinctive
characteristics for different U-Pb age groups. Majority of the 2.6 to 2.4 Ga zircons have
positive εHf (t) up to the depleted mantle (DM) value and crustal model ages of 2.8 to
2.5 Ga. The 3 grains with U-Pb age of 1.9 to 1.6 Ga have εHf (t) values of �0.8 to �17.3
and crustal model ages of 3.0 to 2.4 Ga. However, εHf (t) values of the 260 to 220 Ma
zircons range widely from �15.4 to 13.3 and 127 zircons of them have positive εHf (t)
values although 22 grains have the negative values. Again, the high values almost reach
the depleted mantle value (fig. 8) and suggest juvenile crustal additions. The 260 to
220 Ma zircons have crustal model ages of 1882 to 372 Ma.

discussion

Source of Sandstones
As shown in figure 5, majority of the zircons have Th/U�0.50 characteristic of an

igneous origin (Hanchar and Hoskin, 2003). Typical metamorphic Th/U ratios
(�0.10) occur only for one zircon (XL130-57). Except for XL130-57 (Th/U	0.02), all

Fig. 5. Plots of Th/U ratios versus U-Pb ages of concordant detrital zircons.
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Fig. 6. U-Pb concordia ages of all detrital zircons (A) and Phanerozoic detrital zircons only (B) from the
Xinglonggou Formation.
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Fig. 7. Relative probability plots of U-Pb ages for all concordant detrital zircons (A), Phanerozoic
concordant detrital zircons (B), and Precambrian concordant detrital zircons (C) from the Xinglonggou
Formation.
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the zircons show similar characteristics of “magmatic-like” zircon REE patterns with
high positive Ce anomalies and steep increase from La to Lu (Pelleter and others,
2007). The results are consistent with the CL images predominated by oscillatory
zoning typical of igneous origin (fig. 3).

As shown in figures 6 and 7, although the obtained zircon ages show a wide range
from 2584 to 208 Ma, major age groups peak at 228 Ma and 2480 Ma (fig. 7A). They
account for 87.2 percent and 11.2 percent of the total population, respectively. In
addition, three grains range from 1.9 to 1.6 Ga. Only three grains give the age of 330 to
300 Ma. In detail, the 260 to 220 Ma zircons show a major peak at 232 Ma and 249 Ma
(fig. 7B). The youngest U-Pb age (208 Ma), which can be used to define the maximum
depositional age of sedimentary rocks (Nelson, 2001; Yang and others, 2006; Li and
others, 2007; Kirkland and others, 2008; Liu and others, 2008), indicates a maximum
depositional age of Late Triassic time for the Xinglonggou Formation.

Zircon ages of the Precambrian basements of the North China craton mainly
range from 2.8 to 2.5 Ga with a peak at 2.5 Ga (Zhao and others, 2001; Gao and others,
2004). As described above, some of the 2.5 Ga zircons show positive εHf (t) value high
up to coeval depleted mantle values with Hf model age of 2.8 to 2.5 Ga, indicative of
juvenile crustal additions. Similar Hf isotopic compositions of the ca. 2.5 Ga zircons
investigated in this study with that from the North China Archean basements indicates
a common source (Yang and others, 2005; Yang and others, 2009). In addition to the
ca. 2.5 Ga zircons, 1.9 to 1.6 Ga zircons are also abundant in the North China craton
(Zhao and others, 2001). The 1.9 to 1.6 Ga zircons have negative εHf (t) values and

Fig. 8. U-Pb ages versus εHf (t) value plots of concordant detrital zircons from the Xinglonggou
Formation. The depleted mantle growth curve (black solid line) was calculated assuming a present-day
176Hf/177Hf 	 0.28325, 176Lu/177Hf 	 0.0384 (Griffin and others, 2002) and the dotted lines represent two
εHf units variation of the depleted mantle growth curve. The gray line represents depleted mantle growth
curve based on zircon data (Pietranik and others, 2009).
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their TDM2 ages vary from 3.0 to 2.4 Ga. These suggest remarkable reworking of
pre-existing Archean crustal materials at 1.9 to 1.6 Ga. In contrast, rare Precambrian
zircons were found in rocks of the eastern Central Asian Orogenic Belt (Yang and
others, 2006; Chen and others, 2009). Previously identified Proterozoic metamorphic
rocks are now considered to be Paleozoic in age (for example, Miao and others, 2004).
The Jiamusi Massif is a Precambrian micro-continental block whose metamorphic age
has been precisely dated at 500 Ma by SHRIMP zircon analyses (Wilde and others,
1997; 2000). These observations well document that the Precambrian zircons in the
Xinglonggou sandstones were derived from the North China craton.

Phanerozoic igneous rocks are also present in the North China craton. Intrusive
rocks, including diorite, granodiorite, monzogranite, syenogranite, A-type granite and
syenite, and associated volcanic rocks, have zircon U-Pb ages of 390 to 111 Ma (for
example, Luo and others, 2001, 2003; Miao and others, 2002, 2003; Gao and others,
2004; Han and others, 2004; Ma and others, 2004; Zhang and others, 2004, 2007a;
2007b, 2009a, 2009b; Wu and others, 2005a, 2005c, 2006; Yang and others, 2007,
2008). The whole-rock Nd isotopic data for the volcanic rocks of the North China
craton show negative εNd (t) values and older Nd model ages. Hf isotopes also give the
same conclusion, Phanerozoic zircons from the North China craton have negative εHf
(t) values (fig. 9) and ancient Hf model ages (fig. 10) (Yang and others, 2006, 2007; Wu
and others, 2007; Zhang and others, 2007b). According to the existing data, the

Fig. 9. Compilation of εHf (t) vs. U-Pb ages of zircons from the North China craton and the eastern
Central Asian Orogenic Belt. Depleted mantle growth lines are the same as in figure 8. The solid symbols
represent the data from this study. Dashed line area represents detrital zircons from modern rivers covering
the entire northeastern China, which comprises much of eastern Central Asian Orogenic Belt (Li, ms, 2010).
Gray and dark gray areas indicate the Phanerozoic zircons from the eastern Central Asian Orogenic Belt
(Zhou and others, 2005; Cheng and others, 2006; Chen and others, 2009) and the North China craton
(Zheng and others, 2004; Wu and others, 2005b, 2008; Yang and others, 2006, 2007; Li and others, 2007;
Tian and others, 2007; Wan and others, 2007; Zhang and others, 2007b; Luo and others, 2008), respectively.
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Fig. 10. Histogram of TDM2 ages of zircons from Xinglonggou Formation compared to igneous zircons
from the North China craton (NCC) (Zheng and others, 2004; Wu and others, 2005b, 2008; Yang and others,
2006, 2007; Li and others, 2007; Tian and others, 2007; Wan and others, 2007; Zhang and others, 2007b; Luo
and others, 2008) and the eastern Central Asian Orogenic Belt (CAOB) (Zhou and others, 2005; Cheng and
others, 2006; Chen and others, 2009).
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positive values in the North China craton were reported only by Yang and others
(2006) for detrital zircons from western Beijing and Tian and others (2007) from
northern Hebei, which have been interpreted as being derived from the Central Asian
Orogenic Belt source or affected by subduction of the Paleo-Asian ocean.

In contrast, Phanerozoic zircons are distinct in the eastern Central Asian Oro-
genic Belt. The eastern segment of the Central Asian Orogenic Belt includes eastern
and southern central Mongolia, northern Inner Mongolia of China, and northeastern
China. The granites are dominant with rare mafic rocks. The ages of these rocks range
from Late Paleozoic to Late Mesozoic (280-120 Ma) (Chen and others, 2000, 2009; Sun
and others, 2000; Wu and others, 2000, 2002, 2003a; Jahn and others, 2001; Fan and
others, 2003; Wang and others, 2004; Shi and others, 2004; Ge and others, 2005; Liu
and others, 2005; Cheng and others, 2006; Jian and others, 2008; Miao and others,
2008; Zhang and others, 2008; Xu and others, 2009). Several plutons have been
identified as early Paleozoic in age using the whole rock Rb-Sr method, which are
considered to be unreliable. The granites of early Paleozoic age are not as widespread
as previously thought. The well dated early Paleozoic plutons are distributed mainly
along the northern margin of northeastern China (Ge and others, 2005; Zhou and
others, 2005) and northern Inner Mongolia (Chen and others, 2000, 2009). Granitoids
with ages mainly from 270 to 120 Ma are characterized by low initial Sr isotopic ratios
and generally positive εNd (t) values and young Nd model ages (for example, Shao and
others, 1999; Chen and others, 2000, 2009; Jahn and others, 2000a, 2000b, 2004; Wu
and others, 2000, 2002, 2003b, 2007; Miao and others, 2008; Zhang and others, 2008;
Xu and others, 2009). Granitoids with negative εNd (t) values also exist, but they occur
in Precambrian blocks (for example, the Jiamusi Massif) and their isotopic composi-
tions reflect contamination of the older crust in the magma generation. This character-
istic also existed in other parts of the Central Asian Orogenic Belt (for example, Jahn,
2004; Kovalenko and others, 2004; Sun and others, 2008; Wang and others, 2009).
Coupled with the whole-rock Nd isotopes, the Phanerozoic zircons from the eastern
Central Asian Orogenic Belt have positive εHf (t) values (fig. 9) and younger Hf model
ages (fig. 10) (Zhou and others, 2005; Cheng and others, 2006; Yang and others, 2006;
Chen and others, 2009). In summary, Phanerozoic zircons from the North China
craton and the eastern Central Asian Orogenic Belt are distinct.

In this study, the Phanerozoic zircons mostly have the ages between 260 to 220 Ma,
with only three zircons having ages of 330 to 300 Ma. As we discussed above, both the
shape of the zircons and presence of amphibole in the sandstones support a near
source for the Xinglonggou sandstones. This is reinforced by the restricted age
populations of the zircon. The early Paleozoic ages in the eastern Central Asian
Orogenic Belt were mainly distributed along the northern margin of northeastern
China (Ge and others, 2005; Zhou and others, 2005) and northern Inner Mongolia
(Chen and others, 2000, 2009), which lie in the northern Solonker suture and may
have no or rare contribution to the Xinglonggou sandstones. A Late Carboniferous-
Early Permian (ca. 330-298 Ma) Andean-style continental arc existed along the
northern margin of the North China craton (Zhang and others, 2007a, 2009a). The
330 to 300 Ma zircons might have been derived from the Carboniferous magmatic arc
along the northern margin of the North China craton with zircon U-Pb ages of 324 to
310 Ma (Zhang and others, 2004). However, the 260 to 220 Ma Xinglonggou zircons
are characterized by positive εHf (t) values and young Hf model ages, which are distinct
from the North China craton zircons but similar to the eastern Central Asian Orogenic
Belt zircons (figs. 9 and 10). Thus, the Xinglonggou zircons are mixtures of sources
from the North China craton and eastern Central Asian Orogenic Belt with the
predominance of the latter.
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Triassic Crustal Growth and Tectonic Evolution
The Central Asian Orogenic Belt, which is the largest Phanerozoic accretionary

orogen in the world (Sengör and others, 1993; Sengör and Natal’in, 1996), is critical to
the study of continental crustal growth and geological history of central Asia. Phanero-
zoic crustal growth is evidenced by the emplacement of voluminous granitoids with low
initial 87Sr/86Sr, generally positive εNd (t) values and young Nd model ages (Shao and
others, 1999; Chen and others, 2000; Jahn and others, 2000, 2004; Wu and others,
2002, 2007). Such juvenile isotopic signatures are also exhibited by Phanerozoic
granitoids in areas like New England, the Cordillera of North America (Samson and
others, 1989; Pickett and Saleeby, 1999), Newfoundland Appalachians in Canada
(Whalen and others, 1996) and Africa (Kinnaird and Bowden, 1987).

These studies are based on whole-rock analysis which may be compromised by mixing
processes. In-situ analysis of Lu-Hf isotopic compositions of zircons provides less ambigu-
ous timing of the crustal growth. Meanwhile, the Lu-Hf isotopic system of zircons is
relatively immune to tectono-thermal events. As discussed above, 260 to 220 Ma Xinglong-
gou zircons show a wide range of εHf (t) values from close to depleted mantle values to
slightly negative values. These zircons can be interpreted by mixing of Permian-Triassic
(260-220 Ma) new crustal additions with recycled Precambrian crust. The continuous εHf
(t) variation and the large number of zircons with positive εHf (t) values suggest a possible
magma mixing process with juvenile magma as the major component.

Two lines of evidence suggest that the Permian-Triassic (260-220 Ma) crustal
growth documented by the Xinglonggou detrital zircons was widespread and signifi-
cant for the entire eastern Central Asian Orogenic Belt. On one hand, 105 out of 167
concordant detrital zircons from modern rivers well covering the entire northeastern
China, which comprises much of eastern Central Asian Orogenic Belt, also show
positive εHf up to the depleted mantle value for one of the major age groups at 270 to
210 Ma (see fig. 1A and fig. 9) (Li, ms, 2010). On the other hand, Permian-Triassic
granitoids whose zircons show positive εHf at the time of magma crystallization up to
the depleted mantle value are voluminous in the eastern Central Asian Orogenic Belt
(Cheng and others, 2006; Yang and others, 2006; Chen and others, 2009) (fig. 9).

As described above, previous studies of ophiolites and post-collision intrusive
rocks suggest a west-east younging trend of a scissor-like closure of the Mongol-
Okhotsk ocean (Donskaya and others, 2008). While as to the southern belt the closure
occurred in late Carboniferous and post-collision intrusive rocks mainly produced at
300 to 280 Ma in the western Central Asian Orogenic Belt, the closure was completed
in the Permian-Triassic and post-collision intrusive rocks range in age from 270 to 120
Ma in the eastern Central Asian Orogenic Belt. Therefore, the Permian-Triassic
(260-220 Ma) crustal growth revealed by detrital zircons of this study cannot be applied
to the western Central Asian Orogenic Belt, whose Phanerozoic crustal growth is
expected around Late Carboniferous.

The continental crust can grow by lateral accretion of arc complexes in subduc-
tion zones and vertical addition of underplates in crust-mantle interface (Rudnick,
1990). As described above, the eastern Central Asian Orogenic Belt formed by final
closure of the Paleo-Asian ocean, leading to formation of the Solonker suture and
collision of the North China craton and the Mongolian Plate and Siberian craton. The
Permian-Triassic (260-220 Ma) crustal growth may be related to the subduction and
closure of the Paleo-Asian ocean. This is supported by the presence of Permian-Triassic
ophiolites and volcanic and intrusive rocks. The Solonker ophiolite is considered to
indicate the final collision between the North China craton and the Siberian craton. A
single Rb-Sr isochron age of �262 Ma (Wang and Liu, 1986) for the Balengshan
ophiolite (�10 km northwest of Linxi) has been reported from the Solonker suture
zone. 299 to 292 Ma ages also have been determined by dating ophiolitic gabbros
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(Jian and others, 2008). In addition, basaltic andesite and rhyolite in Xilinhot in
central Inner Mongolia (situated in the Solonker suture zone) yield weighted mean
206Pb/238U ages of 281�3 Ma and 279�3 Ma, respectively (Zhang and others,
2008). The Xilinhot mafic rocks show an asthenospheric mantle-like component
(87Sr/86Sr(t) � 0.704-0.705, εNd(t) � 6.87-7.90, (206Pb/204Pb)i 	 18.08-18.18)
(Zhang and others, 2008). These characteristics are consistent with the age of the
arc granitoids (�310 Ma), which constrain timing of the final collision along the
Solonker suture zone to be no earlier than 310 Ma (Chen and others, 2000, 2009).
Based on geochronological and geochemical data in Inner Mongolia and southern
Mongolia, Jian and others (2010) suggest that the subduction and collision along
the Solonker suture occurred between 300 to 270 Ma and slab break-off at 255 to
248 Ma. Li and others (2007) reported a zircon U-Pb age of 239 � 5 Ma for a
muscovite granite from Linxi (east Xilinhot). They considered the rock to have
formed as a result of Solonker suturing. Wu and others (2007) also suggested that
suturing of the Solonker suture zone occurred at �250 Ma based on geochemical
and geochronological data for the Hulan Group on the eastern extension of the
Solonker suture, which is younger than timing reported by Jian and others (2010).
It is possible that the closure is disochronous, which is consistent with the younging
trend as indicated by post-collision volcanic rocks. Further work is needed. Permian-
Triassic volcanic and intrusive rocks in the age range from 290 to 210 Ma are
widespread and can be classified into two groups: Permian (290-250 Ma) (Sun and
others, 2000; Shi and others, 2004) and Late Triassic (230-210 Ma) (Wu and others,
2000, 2002, 2004; Chen and others, 2000, 2009; Wang and others, 2004; Ge and
others, 2005; Liu and others, 2005; Xu and others, 2009). As discussed above, if the
subduction and closure of the Paleo-Asian ocean occurred between 300 to 250 Ma
according to previous studies, the 290 to 250 Ma and 230 to 210 Ma volcanic and
intrusive rocks may represent lateral accretion of arc complexes in subduction zone
and vertical addition of underplates in post-collision environment, respectively.
They show typical characteristics of the Central Asian Orogenic Belt with slightly
negative to positive εNd (t) values (�2 to 5.60) and young Nd model age (1000-500 Ma)
except for the granites in the Jiamusi Massif with negative εNd (t) (�6.84 to �7.36) and
relatively older model ages (�1600 Ma). These indicate the involvement of the
Precambrian crust. The Xinglonggou Formation in this study represents the first
sedimentation after the final collision of the Siberian Plate with the North China
craton. The closure of the Paleo-Asian ocean led to mixed sources of the North China
craton and the eastern Central Asian Orogenic Belt in Xinglonggou sandstones. 260 to
220 Ma Xinglonggou zircons can be interpreted by mixing of Permian-Triassic
(260-220 Ma) new crustal additions with Precambrian crust. The subduction and
closure of the Paleo-Asian ocean may have been responsible for this crustal growth.

Although the timing and mechanism of the amalgamation between the North
China and Siberian Plate is controversial, many workers favor the Late Permian to early
Triassic (ca. 300-230 Ma) amalgamation along the Solonker suture zone (Zhang and
others, 1984; Wang and Liu, 1986; Wang and Mo, 1995; Yin and Nie, 1996; Davis and
others, 2001; Xiao and others, 2003; Yang and others, 2006, Lin and others, 2008; Jian
and others, 2010). Yang and others (2006) studied detrital zircons from Paleozoic to
Late Mesozoic (304-143 Ma) strata in the Xishan area near Beijing. Their results show a
significant change in source provenance in Late Triassic to Late Jurassic (205-158 Ma)
sandstones, which contain a group of Phanerozoic zircons with positive εHf (t) values,
distinct from known igneous zircons in the North China craton. They suggest a source
from the eastern Central Asian Orogenic Belt, resulting from the exhumation and
denudation of rocks due to uplift of the eastern Central Asian Orogenic Belt. Together
with these results, our study supports closure of the eastern Solonker suture zone at the
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end-Permian (�250 Ma). Since the Phanerozoic zircons from the North China craton
are characterized by negative εHf (t) values (Yang and others, 2006), the two youngest
zircons with positive εHf (t) values from the Xinglonggou sandstones constrain uplift of
the eastern Central Asian Orogenic Belt to be no older than 208 Ma. This is also
supported by an east-west-trending belt with numerous granitoid plutons ranging in
age from 285 to 217 Ma along the northern margin of the North China craton (Ma and
others, 2004; Zhang and others, 2004), which are considered to have resulted from
collision between the North China craton and the Mongolian Plate (Wang and Liu,
1986; Wang and Mo, 1995).

As stated above, combination of Lu-Hf isotope and U-Pb age of detrital zircons
from the Xinglonggou Formation revealed two episodes of crustal growth, one at
Archean (ca. 2.5 Ga) in agreement with the North China craton and the other at 260 to
220 Ma related to the eastern Central Asian Orogenic Belt. As to the Archean crustal
growth, it is consistent with the recent research on detrital zircons from modern rivers
drained within the North China craton (Yang and others, 2009). In addition, the
Archean peak agrees well with the worldwide compilations (for example, Pietranik and
others, 2008; Condie and others, 2009). The Permian-Triassic (260-220 Ma) crustal
growth is considered to be related to collision between the North China craton and the
Mongolian Plate along the eastern Solonker suture, which records the termination of
the Central Asian Orogenic Belt. The Solonker suture is 700 km long and 60 km wide
and extends from Solonker via Sonid Yuoqi to Linxi in Inner Mongolia and further
west and northeast (Xiao and others, 2003), which represents a large area of Permian-
Triassic (260-220 Ma) crustal growth. However, worldwide compilations do not suggest
significant crustal growth after 450 Ma (Condie, 1998, 2000; Condie and others, 2009).
Although there are cases of classic orogenic belts considered to be significant Phanero-
zoic crustal growth based on positive εNd (t) of granitoids just as in Central Asian
Orogenic Belt, in-situ determinations of U-Pb ages, Hf and oxygen isotopes of detrital
zircons from the Lachlan Fold Belt of southeastern Australia reveal no Phanerozoic
zircons having a Hf isotopic composition that approaches that of the depleted mantle
at time of crystallization, which means they were derived by re-melting, rather than
juvenile, crustal rocks (Kemp and others, 2006; Hawkesworth and Kemp, 2006a,
2006b). However, the analysis of detrital zircons in this study indeed reveals Permian-
Triassic (260-220 Ma) crustal growth with εHf (t) close to depleted mantle values. This
implies extensive juvenile crustal additions during this period. Although the amount
and rate of the crustal growth can not be established according to our data, the
Permian-Triassic (260-220 Ma) crustal growth is significant. The Triassic crustal growth
has also been reported in the Canadian Cordillera deduced from geochemical
characteristics of Late-Paleozoic and Triassic mantle-derived magma (Lapierre and
others, 2003). Our study provides evidence for significant Permian-Triassic (260-220
Ma) crustal growth in the eastern Central Asian Orogenic Belt.

Why did such a large area of Permian-Triassic (260-220 Ma) crustal growth occur
in the Central Asian Orogenic Belt? Previous studies suggest the relationship between
supercontinent assembly and crustal growth (for example, Condie, 1998, 2000), and
the Permian-Triassic corresponds to the assembly of Pangaea, but whether there is any
relationship between them needs full discussion of supercontinent reconstruction,
which is beyond the scope of this paper. If this is the result of assembly of Pangaea, why
Permian-Triassic crustal growth is rare in other areas? If this is a particular event in the
eastern Central Asian Orogenic Belt, is there any relationship between the growth and
Mesozoic reactivation of the North China craton? All these need further studies.

conclusions
In situ U-Pb ages and Hf isotopic data from detrital zircons in the Xinglonggou

Formation, western Liaoning, provide important constraint on the source provenance
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and tectonic evolution of the eastern Central Asian Orogenic Belt. Zircons from the
Xinglonggou sandstones are characterized by two major groups of U-Pb ages (2.6-2.4
Ga and 260-220 Ma) except for three grains (1.9-1.6 Ga). Hf isotopic compositions
show juvenile crustal additions at 2.6 to 2.4 Ga and 260 to 220 Ma, while ancient crustal
reworking occurred at 1.9 to 1.6 Ga.

Mixing of detritus from both the North China craton and the eastern Central
Asian Orogenic Belt suggests that end-Permian (�250 Ma) closure of the Paleo-Asian
ocean and collision between the North China craton and the Siberian Plate along the
eastern Solonker zone. The youngest zircons constrain uplift of the eastern Central
Asian Orogenic Belt to be no older than 208 Ma. Thus, the Permian-Triassic (260-220
Ma) crustal growth is related to the subduction of the Paleo-Asian ocean Plate. The
analysis of detrital zircons in this study reveal significant Permian-Triassic (260-220 Ma)
crustal growth with εHf (t) close to depleted mantle values in the eastern Central Asian
Orogenic Belt.
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